Introduction of Vietnamese coal mines
Major Vietnamese coal fields locate in several provinces of northern part of Vietnam in which Quang Ninh province produces the mass part of coal in Vietnam from both open pit and underground mines. Most of those coal mines produce anthracite. In Vietnam the demand for coal is rapidly increasing in recent years at a rate around 15% per year, which is more than double of economic growth rate and resulted into increase of underground production ratio up to nearly 55%. Annual coal production in 2015 was 37.75 million tons of which 20.1 million tons were produced from underground coal mines.
Recently, Vietnam National Coal and Mineral Industry Group (VINACOMIN) has announced twelve coal mine fires at four underground coal mines which have been considered as coal spontaneous combustion at Hong Thai, No. 91 Enterprise, Khanh Hoa and Phan Me coal mines. Former three coal mines all produce anthracite and locate in the west part of Quang Ninh Coal Basin. Phan Me Coal Mine produces sub-bituminous and locates in Thai Nguyen Coal Basin. At the east part of Quang Ninh Coal Basin, no any outbreak of spontaneous combustion has been reported up to date. The locations of these Coal Basins are shown in Fig. 1 2) .
History of spontaneous combustions in Vietnamese coal mines
A history of coal spontaneous combustions in Vietnamese anthracite coal mines are summarized in Table 1 . The first outbreak of spontaneous combustion in Vietnamese anthracite coal mines was in May 2004. In the case of the sub-bituminous Phan Me Coal Mine (fuel ratio: around 2.3), they might have spontaneous combustions earlier than that period; however, detailed information is not available because that coal mine belongs to Thai Nguyen Steel Company which does not belong to VINACOMIN and did not have statistical data of spontaneous combustion.
One of the interesting features of those spontaneous combustions is "short term outbreak" less than several weeks from the start of exposure of coal seam or goaf into the *Received 7 July, 2016; accepted for publication 13 Including Vietnamese anthracite coal mines, it had been said that anthracite coal mine hardly starts spontaneous combustion 1) ; however, at some of underground anthracite coal mines of Vietnam, several outbreaks of spontaneous combustion have been reported since 2004. The authors have been involved into site investigation, countermeasures as well as analysis of the data of those anthracite coal mines and one sub-bituminous coal mine in northern part of Vietnam. In this paper, special characteristics of spontaneous combustion of anthracite coal mines and a sub-bituminous coal mine and site counter measures are discussed. Indication gasses of spontaneous combustion of anthracite might be limited into only CO and H 2 gasses in contrast with the cases of spontaneous combustion of bituminous, which generate many kinds of hydrocarbon gasses. From the view point of prevention of spontaneous combustion, problems of site mining conditions are also discussed. KEY WORDS: Spontaneous Combustion, Anthracite, Coal Mine, Vietnam, Indication Gasses ventilation system.
3) An earliest case of outbreak of spontaneous combustion was around two weeks after a rock entry penetrated a coal seam as shown in the case of No. 91 Enterprise Coal Mine (see Table 1 ). As a countermeasure for suppressing such spontaneous combustions, the authors suggested the relevant coal mines to install sealing walls at all the intake and exhaust galleries so as to cut air supply into the area of spontaneous combustion. An example layout of a mining panel of Hong Thai Coal Mine which started spontaneous combustion in May 2004 is shown in Fig. 2 and the picture of sealing No. 1 is shown in Fig. 3 . And, we had monitored the situations of inside the sealing walls by analyzing gas, measuring differential air pressure between both side the sealing as well as monitoring air leakage through the sealing wall by smoke tubes as shown in Fig. 3 susceptibility to spontaneous combustion.
In cases of coal spontaneous combustions at Hong Thai, Trang Khe and Khanh Hoa coal mines shown in Table 1 , gas samples were taken from inside the sealing walls by using a vacuum pump and analyzed by gas chromatographs. The gas chromatograph with two detectors of FID (flame ion detector) and TCD (thermal conductivity detector) ware used, which (2), (3) and (4) Table 2 , and Table 3 respectively. As shown in Table 1 Table 2 , the facts that deserve our curious attention was detection of higher concentration H 2 and CO gasses as well as no any detection of hydrocarbon gasses except for lower level CH 4 gas.
In case of Coal Seam No. 12 in Trang Khe Area of Hong Thai Coal Mine in September 2013, the fire had started at a place where a coal seam was penetrated by a rock entry heading so that only one sealing wall was enough to suppress the spontaneous combustion. Same as Table 2 , higher H 2 and CO gas concentrations were observed and no any hydrocarbon gas except for lower level CH 4 gas was observed through all the analyses.
Proximate analysis and elementary analysis results of the coal samples from the coal seams which had spontaneous combustion are shown in Table 4 and Table 5 . Anthracite coals have lesser content of volatile matter less than 10 %, even at highest case the value is 9.4 % of Khanh Hoa coal and high contents of fixed carbon more than 70 % except for Hong Thai Coal Seam No. 12 which has higher ash content nearly 40%. Besides that, the methane gas content of those coal seams show less than 1 m 3 /ton by dry ash basis even through in-situ methane gas content measurements 5) .
From proximate analysis results shown in Table 4 , all coal samples can be defined as anthracite because of their bigger fuel ratios, but depend on the criteria of classification, coal sample from Khanh Hoa Coal Mine might be regarded as "semianthracite" . 6) The evident of the gas analysis results clearly show that anthracite coal does not generate hydrocarbon gasses during the oxidation process. The reason might be able to deduce from the facts much less methane gas content as well as much less volatile matter in anthracite coal. In addition, anthracite contains much less hydrocarbon molecule or hydrogen element in itself comparing with bituminous as shown in Table 5 of elementary analysis. For example, in case of sub-bituminous coal of Vietnam contain 5.5 % of Hydrogen as shown in Table 6 .
7)
From these facts, hydrocarbon gasses might hardly appear even oxidation heating process such as spontaneous combustion at mining site.
The results in Table 5 show lower hydrogen content in those anthracite coal samples. It might be difficult to explain that the source of hydrogen in Table 2 and Table 3 has come from coal itself. Then another source of H 2 might be the "water gas reaction" at the fire area with high temperature. Those might be the reactions (7) or (8) as shown in the provable many reactions in which carbon (C), water (H 2 O), and other relevant Some of those reactions may only be able to occur at the higher temperature around several hundred degrees (℃) or so. When we implemented full scale big underground fire experiments under the condition of "fuel rich", we observed much of H 2 gas in the burned gas of the fire up to 5% depend on the fire condition. From those experiences, the concentration of H 2 gas might be a good indicator of the combustion temperature.
8)

Gasses generated from coal heating test
For further discussion on the results shown by Table 2 through Table 5 as well as on above discussions, coal sample heating experiments had been carried out by using a devise shown in Fig. 5 . In those experiments, coal sample of around 100g with particle size of less than 500 μm is sealed into a cylindrical steel made container, which has two holes at both side ends for introducing a constant flow of oxygen or air. This container was located at the center of an electric furnace which has temperature control program with a constant temperature increase rate at 0.5 ℃/min and a constant air supply system with a flow rate at 100 ml/min and generated gasses were analyzed by gas chromatograph. During this process, supplied air was saturated by water vapor by introducing the air through water trough by bubbling. This equipment has two temperature measuring systems; namely, one is used for controlling the temperature of the heating furnace which decides the temperature increase rate and the other one is used for measurement of the coal sample temperature during heating test. In those experiments, three anthracite coal samples from Hong Thai Coal Mine (Coal Seam No. 24), Khanh Hoa Fig. 6 and Table 7 and experimental results of sub-bituminous are shown in Table 8 .
(Because the apparatus shown in Fig. 5 was handmade, gas sampling was conducted manually and analyzed by a micro-gaschromatograph so that the temperature shown in Table 7 and Table 8 Fig. 6 , O 2 gas starts to decrease gradually from nearly 200 ℃, and CO 2 , CO and H 2 start to increase from around 250 ℃ and on the other hand, CH 4 generates from much lower temperature at an almost constant concentration and in addition no any hydrocarbon gas comes out through all the temperature range. This tendencies are same even in case of other anthracite coal samples from other three coal mines as shown in Table 6 . In these tests, H 2 gas starts to appear from around 200 ℃ or 250 ℃ and no any higher grade hydrocarbon gasses (C 2 or higher) was observed throughout the experiments. From those facts, it might be possible to deduce that CH 4 gas might come appear from desorption due to increase of the temperature of coal itself and on the other hand 9) , other gasses such as CO 2 , CO and H 2 might come appear by some chemical reaction during heating process. As shown in the temperature range greater than 450 ℃ of Fig. 6 , H 2 gas increases quite rapidly along with increase of the temperature of coal sample and CO gas decreases in contrast to the increase of H 2 gas at temperature range from 430 ℃ to 470 ℃. CO 2 gas also shows a tendency of coming the ceiling at same temperature range and in addition, O 2 gas becomes almost "zero" after 400 ℃. From these data, the environment inside the coal sample container become "reduction atmosphere" dominated together with slight oxidation so that some reactions such as reactions (7), (8) or (9) might be easy to occur. Even in other experiments of anthracite as shown in Table  6 , it may be possible to understand that no any hydrocarbon gas except for CH 4 gas comes out and H 2 gas appears during heating process. Although it is not clear that how much extent of site conditions of spontaneous combustion are represented in the series of coal sample heat tests by using the set-up shown in Table 8 Gas generation from Phan Me sub-bituminous coal during heating process with air supply.
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Fig. 5, it might be able to deduce qualitatively that the analyzed results of site sampled gasses has some similar characteristics with gasses generated from artificial heating tests of coal samples with some air flow.
Apart from these tests of anthracite, an example result of artificial heating test of sub-bituminous from Phan Me Coal Mine is shown in Table 8 . In this test, some discriminative points were observed such as: (1) hydrocarbons of C 2 H 4 and C 2 H 6 with concentrations around hundreds ppm were found together with CH 4 from lower temperature around 200 ℃ or less, (2) rapid oxidation processes might occur from much less temperature than the case of anthracite from around 190 ℃ and then O 2 gas becomes almost zero at around 230 ℃ which is 200 ℃ lower than the case of anthracite and (3) even after the atmosphere inside the coal sample holder becomes "complete reduction atmosphere" at the temperature range greater than 230 ℃, there is not so much change in generations of H 2 , CO, CO 2 , C 2 H 6 and C 2 H 4 . The other gasses of CO and CO 2 show not so much differences from the cases of anthracite in all the tested temperature range from the cases of anthracite.
Indication gasses of spontaneous combustion of anthracite
The first gas indices for spontaneous combustion was proposed by J. I. Graham who focused mainly into CO, CO 2 released and O 2 concentration decreased during coal oxidation process and those have been widely used worldwide under the name Graham' s ratios 10) . Depend on the applied method and coal rank in each country, many researches are focusing on the other hydrocarbon gasses generated during coal oxidation process (C 2 H 6 , C 2 H 4 , C 2 H 2 C 3 H 8 , C 3 H 6 , etc.) 11) .
In the researches done by an Indian researcher, the mine fire gas indicators were proposed such as production of CO, disappearance of CO, oxygen consumption, CO/CO 2 ratio, Willet' s ratio, C/H ratio, CO/CO 2 deficiency 12) . Those most of researches on gas indicators for coal spontaneous combustion rely on the generation of hydrocarbon gasses as well as carbon monoxide, carbon dioxide and oxygen def iciency at the temperature range less than 100 ℃. In a Japanese reference handbook on coal spontaneous combustion of bituminous coal mines, generation of many kinds of hydrocarbon gasses such as C 2 H 6 , C 2 H 4 , C 3 H 8 , C 3 H 6 and C 2 H 2 in addition with CO and CO 2 are introduced 13) .
From the results of site sampled gas analysis from inside the sealing of spontaneous combustion as well as from the tests of anthracite coal oxidation, it was shown that the tendency of gas generation during spontaneous combustion of anthracite coal is quite difference from other type of coal. One important feature is generation of only two gasses of CO and H 2 during heating process both of which do not exist in the ambient ventilation air and another important point is no generation of hydrocarbon gasses except for CH 4 gas which might be released into ventilation even under the mine operation ambient temperature. From such situation, it might be possible to use the relationship between CO and O 2 generated during coal heating as one of indicator for coal heating process of anthracite coal; however, blasting are conducted quite often and some heavy diesel engine machines are used at area of nearby intake galleries so that CO gas might not be able to be used as an indicator gas. 6) (see Fig. 7 )
Hence, for detecting a spontaneous combustion of anthracite coal mines in Vietnam, H 2 gas in exhaust ventilation might be only one important indicator.
The site mining condition and the cause of spontaneous combustion
Recently, spontaneous combustions have occurred at four coal mines in Vietnam. Beside the susceptibility to spontaneous combustion of anthracite itself, some site factors might promote this phenomenon.
For all those coal mines, the spontaneous combustion had started from the end of dry season (August -March) to start or period of rainy season (April -July). Among twelve (12) reported spontaneous combustions shown in Table 1 , eight (8) of them have occurred in May (6 times) and June (2 times) others have occurred one time in January, March, August and September respectively.
Mining skeleton design also has important role for preventing spontaneous combustion. Most coal mine have Fig. 8 in which narrowing of the gallery and floor heave can be found by the lifting up of the rail of the gallery floor up to near the ceiling of the return gate. Fig. 8 was taken at the return gate of the long wall face behind of which No. 4 spontaneous combustion had started in the goaf as shown in Fig. 2 and Table 1 . At some coal mines, even the permanent galleries are located inside the coal seam to be developed. The air can be penetrated from the gallery to coal seam through crack system around galleries as well as water penetration from surface might cause introduction of fresh air after dripping or drying the penetrated water. For example, locations of the place of spontaneous combustion from ground surface are as follows: Namely, all the spontaneous combustions occurred at very shallow places. Ground surface conditions above spontaneous combustion area are shown in Fig. 9 and Fig. 10 . From the above shown facts, systematic countermeasures have to be developed for preventing spontaneous combustion at anthracite coal mines in Vietnam.
Conclusion
In case of spontaneous combustion of anthracite, from not contained gasses in usual ambient air only H 2 and CO were observed in the sample gas from inside the sealing in contrast with bituminous coal which generates various hydrocarbon gasses. Heating tests of several anthracite coal samples with some amount of fresh air flow supported the actual site phenomena shown above, namely, it was also shown that H 2 and CO gasses were observed together with trace CH 4 gas as well as no any hydrocarbon gas from C 2 or higher grade was observed. Hence, H 2 might be one of important indicator for spontaneous combustion of anthracite coal.
Besides the characters of spontaneous combustion of Vietnamese anthracite coal mines, there are many points which have to be improved from the viewpoints of prevention of spontaneous combustion. Even the feature and the susceptibility to spontaneous combustion of anthracite coal differ from other type of coal, the site conditions which result into outbreak of spontaneous combustion are not different from the others. Then the experiences in the prevention measures of spontaneous combustion of bituminous coal can also be useful for anthracite coal mine in Vietnam. 
